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Holographic considerations may provide a glimpse of quantum gravity beyond what is currently 
accessible by other means. Here we apply holography to inflationary cosmology. We argue that the 
appropriate holographic bound on the total entropy in the inflationary perturbations is given by 
the difference of the area of the apparent horizon in the slow-roll approximation and its exact value 
near the end of inflation. This implies that the effective field theory of the inflaton weakly coupled 
to gravity requires modihcations below the Planck scale. For a conventional model of inflation this 
scale is of order of the GUT scale, Auv ~ 10 16 GeV, but could be considerably lower. Signatures of 
such new physics could show up in the CMB. 


We live in a big, old, but nearly wrinkle-free universe. 
Inflation is currently the best paradigm which could ex¬ 
plain how it got its face-lift [1]. However, a truly funda¬ 
mental understanding of inflation is yet to emerge from 
yet to be discovered complete theory of quantum gravity. 
We are therefore far from building cosmology directly 
from a complete quantum gravity theory (see, e.g. [2]- 

[8] ). Nevertheless, there have been remarkable develop¬ 
ments in black hole physics which led to the discovery 
of general principles, originating from black hole ther¬ 
modynamics, that appear to be universal and transcend 
any given specific approach to quantum gravity, ’t Hooft 

[9] and Susskind [10] have named this set of rules the 
holographic principle, showing that for black holes, it is 
de facto the solution of the black hole information prob¬ 
lem. It states that a black hole has far fewer degrees of 
freedom than expected, with its total entropy given by 
the quarter of the horizon area in Planck units, as per 
Bekenstein-Hawking formula [11,12]. It has since been 
shown that generic field theories coupled to gravity over¬ 
count the degrees of freedom, by deducing “holographic 
area bounds” which limit the number of physical degrees 
of freedom. In this Letter we explore the implications of 
these ideas for inflation. 

Fischler and Susskind have made the first step towards 
incorporating the holographic principle in cosmology [13], 
suggesting that the entropy which crosses the lightlike 
boundary of an observable region of the universe, the 
particle horizon, should not exceed the horizon area in 
Planck units. Subsequent to [13,14], Bousso has offered 
a covariant version of the holographic bound [15], outlin¬ 
ing a prescription for choosing the holographic “screens”. 
The idea is to take any lightlike surface ending on either 
a caustic or the apparent horizon, and limit the entropy 
which crosses it by a 1 /4 of the maximal area along the 
light sheet in Planck units. This seems to produce desir¬ 
able results for matter with generic properties [16]. The 
implications of holography for cosmology have been ex¬ 
plored in many works (e.g. [6]- [8], [3], [17], [18]). 

Here we argue that the holographic principle imposes 
a limit on the validity of the description of inflation, 
and specifically inflationary fluctuations, via an effective 


field theory weakly coupled to gravity in the causal patch 
(EFTwg). The crux of our argument is that the entropy 
deposited into the metric fluctuations generated by the 
inflaton could easily exceed the holographic bounds, if 
the EFTwg is valid to arbitrarily short distances. This 
cannot happen in a truly holographic theory. An exam¬ 
ple is a field theory in a black hole background, where 
the entropy, defined as the logarithm of the partition 
function, in a causal region of a black hole spacetime, 
is badly divergent [19]. Only after renormalizing it does 
one recover the Bekenstein-Hawking area law [19]. This 
corresponds to cutting off the modes in the UV, residing 
close to the horizon. We argue that in inflation this new 
physics encoded in the UV cutoff affects the inflation¬ 
ary fluctuations, which are classical scalar modes with 
their wavelengths greater than the instantaneous Hubble 
length. These modes start out as short distance excita¬ 
tions inside the Hubble horizon before they are expelled 
out by the superluminal expansion, and hence are sensi¬ 
tive to the physics represented by the UV cutoff. 

In the absence of a precise formulation we can crudely 
approximate the holographic redundancies by an energy 
cutoff A uv on EFTwg, which remains sensitive to the dy¬ 
namics. This cutoff is a reflection of the expected strong 
gravitational interactions close to the horizon. We find 
that it is bounded from above, and the bound is inversely 
proportional to the third root of the number of efolds. 
This implies that the number of efolds which can be de¬ 
scribed by EFTwg in the causal patch is limited. In the 
commonly quoted example of inflation occurring when 
H < 10 14 GeV, and lasting about ~ 100 efolds, the cut¬ 
off is A uv ~ 10 16 GeV ~ Mqut , but it could be lower 
depending on the model of inflation. A similar scale also 
appears as the upper bound on the scale of new physics 
which might imprint an observable signature in the CMB 
as the 0(H 2 /Afj V ) corrections on top of the leading order 
fluctuations [20]. We submit that these signatures could 
be a reflection of holography, although a deeper knowl¬ 
edge of the underlying physics is required to determine 
their detailed form. 

We start with the picture of pure de Sitter space as a 
“hot tin can” [3], with an observer in the causal patch 
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(the interior of the “can”) surrounded by a hot horizon 
(the “walls”). The physical degrees of freedom, accessi¬ 
ble to the observer, are in thermal equilibrium with the 
walls, at the Gibbons-Hawking temperature. In the case 
of nonzero, constant slow roll parameters, such as in a 
quintessence-dominated universe, the picture of [7] sug¬ 
gested that the ensuing causal region can be viewed as a 
hot tin can with moving walls, so that the temperature of 
the gas in equilibrium inside the cavity decreases due to 
the expansion of the can. An inflating region in the slow 
roll regime closely resembles de Sitter space, with a key 
difference: unlike the perfect de Sitter space, where the 
apparent horizon and the event horizon coincide and so 
there is no “exterior” of the can, during inflation modes 
in the IR are expelled from the apparent horizon. These 
modes are real physical degrees of freedom, and may or 
may not ever thermalize depending on the future evolu¬ 
tion of the universe. We will divide the total instanta¬ 
neous entropy in the inflating patch into the dominant 
equilibrium contribution, approximated by the horizon 
area of the would-be pure de Sitter space, and a small 
non-equilibrium contribution, where the inflaton fluctua¬ 
tions count in. We will argue that this is analogous with 
the familiar case of a black hole in de Sitter space. In 
our picture inflation is a hot, expanding, but porous tin 
can, slowly leaking entropy into a cold reservoir via the 
expelled modes. 

Assuming the standard theory of inflationary fluctua¬ 
tions below the cutoff A uv • we estimate the entropy-per- 
mode by counting the mode’s quantum excitation level 
[21,22]. We argue that this entropy is bounded by the 
difference of the areas of true apparent horizon during 
inflation, and its slow-roll value. This goes beyond the 
covariant holographic bounds [15] in a crucial way, be¬ 
cause it allows us to discriminate between the entropy 
of modes in equilibrium and the entropy in density fluc¬ 
tuations which froze out. Our bounds constrain A uv to 
physically interesting values, which depend on the infla¬ 
tion model, but in general are significantly below M p . 

We will work with the flat 4 D FRW metric and ignore 
any non-inflaton matter sources (both good approxima¬ 
tions during inflation). The background obeys 
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where the overdot is the time derivative, H = a/a is the 
Hubble parameter, a is the FRW scale factor, <f> is the 
inflaton, and V ( <j >) is the inflaton potential. The Planck 
mass is defined by M p = 1/ \Z8itGn since c = h = 1. 

Inflation occurs when the potential energy of the scalar 
dominates in (1). The dynamics is well approximated by 
the slow-roll regime, formally defined by the standard 
conditions |e|, <5 <C 1 where the slow-roll parameters are 

e = '%T) 5 = T^T- The slow-roll approximation then 

consists of dropping the terms of order 0(e, S). Then (1) 
reduce to 


, V ■ dV 
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We stress here that in the slow-roll approximation the 
potential, and thus the radius of the apparent horizon 
(i.e. the Hubble horizon), defined as the hypersurface at 
l ah = -ff -1 = M p /y/3V from the origin, is essentially 
constant during each Hubble time. Although V is du¬ 
plicity time-dependent, as seen from Eq. (2), it changes 
during a single efold by at most AH < | - y & | ~ |H. Be¬ 
cause one defines the slow-roll by dropping 0(e, S) terms, 
the solutions are only reliable to this order, and so the 
radius of the apparent horizon is constant with the error 
of only 0(e). This is crucial for our arguments to follow. 



FIG. 1. Penrose diagram of an inflationary spacetime. 

The causal structure of the inflating region is given in 
Fig. 1 [20]. The future null line is the future null causal 
boundary (FNCB), which could be either a null infinity, 
or an event horizon if the universe ends up inflating for¬ 
ever. The past null line is the particle horizon (PH), mea¬ 
suring how far the light travelled since the birth of the 
universe (taken as t = 0), given by Lnifi) = a(t) / 0 * 

The shaded area (R) represents reheating, with inflation 
occurring before it, and the radiation/matter era after it. 
The apparent, i.e. Hubble, horizon (AH) is the bold solid 
curve, during inflation almost null and directed first out¬ 
ward, turning inward later. This is because H « const, 
during inflation, and reflects the thermal nature of the 
quantum state during inflation [20], an approximation 
valid over the time scales of order the Hubble time as 
argued above. According to the complementarity prin¬ 
ciple, all active experiences of an observer can be fully 
described by the physics in the causal patch, or the tin 
can [6,3,4,7]. As we are only interested in the inflationary 
fluctuations pushed in between AH and FNCB, we will 
ignore the exterior of the causal patch as immaterial. LS 
is a light-sheet defining a holographic screen. 

The out-of-equilibrium modes originate from within 
the apparent horizon, and are expelled out of it by infla¬ 
tionary expansion. They remain frozen until they cross 
back into the apparent horizon after inflation, where they 
grow due to the gravitational instability. The entropy 
per mode is found by considering the fluctuations as 
squeezed states of the inflaton [21,22]. One should sum 
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up the entropy in all modes which were expelled out of 
the apparent horizon during inflation, with momenta de¬ 
termined by the horizon crossing matching condition and 
the full range of the Hubble scale during inflation where 
EFTwg is valid, H(t) G [H, Aj/y]- The key point is that 
the result is UV-dominated, since the inflationary fluc¬ 
tuations are nearly scale-invariant, with P$(p) ~ 
where n = 1 + 0(e,S) is close to unity as |e|, |<5| <C 1, 
and so we can i) approximate the entropy per mode by 
an (almost) constant value, of order unity and it) as¬ 
sume that the modes are pushed out of the horizon at 
a rate independent of their wavelength. The entropy 
deposited in them will only depend on the number of 
modes pushed out of the horizon. The modes which left 
the horizon at the beginning will be the most numer¬ 
ous, since at that time the Hubble length was the short¬ 
est possible, and they will dominate the entropy. Be¬ 
cause their wavelength was of order of the Hubble length 
in the beginning of the EFTwg description of inflation, 
A uv — h-uv > their number per horizon volume at the end 
of inflation is of order of the number of the initial Hubble 
domains inside the thermal patch at the end of inflation, 
n ~ ^{Xthemmai/^uv) 3 — 47t(A uv /H) 3 . Thus, the en¬ 
tropy in the expelled modes is 

S = 4*%- - (3) 

The calculations of [21,22] bear out this estimate. Eq. (3) 
presumes that fluctuations leave the apparent horizon, 
which is only possible if it is timelike, so that the slow 
roll parameters are small but not exactly zero. To take 
the limit e, 6 —> 0 one must take A uv —> H and keep the 
subleading corrections to (3), where we expect S — > 0. 

The holographic principle gives us another way of es¬ 
timating the entropy in the inflating patch. A rule for 
bounding the entropy is to pick a light-sheet crossed by 
the entropy, and limit the entropy by the maximal area 
along the light-sheet [13,15]. A suitable light-sheet is 
given by the faint solid null line (LS) in Fig. 1, which 
is the backward light cone of an observer near the end 
of inflation, with maximal area A ~ M 2 /H 2 . We chose 
it so that it maximizes the bounds, as it intersects the 
apparent horizon as close as possible to the end of infla¬ 
tion, where the slow-roll conditions still hold, and so it is 
crossed by (almost) all of the modes expelled out of the 
apparent horizon. However, the ensuing bounds still are 
not very strong [13], because they do not discriminate 
between the modes in equilibrium and those out of it. 

We propose here that the bounds could be strength¬ 
ened by separating these modes from each other during 
inflation. To motivate the procedure we first consider 
black holes in de Sitter space [23]. They are the most 
stable objects in a background de Sitter space: they can 
be viewed as small, hot, balls of gas in a cold cavity, 
which are very slowly melting away by emitting Hawking 
radiation. Because this process is very slow, given by the 
time tbh — Mfin/^pi most of the energy which slipped 


into a black hole will not thermalize with de Sitter back¬ 
ground for a very long time. Their entropy is given by 
their horizon area, which for black holes smaller than the 
de Sitter radius is as in the flat space, Sbh ~ M 2 Abh ~ 
47T M 2 r% H ~ ( Mbh/M p ) 2 . On the other hand, the equi¬ 
librium entropy in the asymptotically de Sitter geometry 
is approximately S eq ~ AttM^/X - (D(l)M 2 ^ AcisAbh ■ 
Thus the entropy in the black hole, in modes out of equi¬ 
librium with de Sitter cavity, is smaller than the differ¬ 
ence between the entropy of the modes in equilibrium 
and the total entropy in pure de Sitter space with the 
same value of the cosmological constant: 

Sbh A) sf SBHS eq < Sds — S eq . (4) 

We will now adopt a similar formula for the case of in¬ 
flation. If the slow-roll parameters were exactly zero, the 
apparent horizon would have coincided with the event 
horizon, and nothing would ever leave it (or freeze out) 
in a finite observer’s time. Thus in this limit the entropy 
in the metric fluctuations would vanish too. Slow time- 
dependence of H is thus essential for producing the fluc¬ 
tuations. However, in the slow-roll approximation during 
the times U _1 we have seen above that the Hubble 
horizon is practically indistinguishable from a true event 
horizon, since AV = 0 to leading order in e. Hence the 
slow-roll Hubble horizon has no ability to distinguish the 
modes in and out of equilibrium. Its area in the slow-roll 
regime encodes the contribution from all the field theory 
modes generated in the Hubble patch. In contrast, the 
true apparent horizon discriminates between the modes 
in equilibrium, with wavelengths shorter than the Hub¬ 
ble length, and the modes pushed out of equilibrium, 
which grow greater than the Hubble patch. In fact, the 
apparent horizon moves inward toward the center of the 
inflating region relative to the slow roll Hubble horizon, 
as does the cosmological horizon in Schwarzschild-de Sit¬ 
ter space-time, to record that there is fewer modes in 
equilibrium. In a manner of speaking, if exact de Sitter 
space is a cavity with hot static walls, the inflating patch 
is a cavity with hot, moving and porous walls, which lets 
out some of the IR degrees of freedom. To extract their 
entropy, we take the difference of the slow-roll and exact 
areas of the apparent horizon, 

AA=^A. (5) 

To leading order in the slow-roll parameters we can take 
A on the RHS to be the slow roll horizon area, or equiv¬ 
alently the horizon area of the would-be de Sitter space 
found in the limit e, <5 —s- 0, since the errors are of order 
0(e 2 ) <C 1. Then the field theory result for the entropy 
cannot exceed this area in Planck units, 

S< e -M 2 A. (6) 

This bound on the entropy in inflationary perturbations 
is stronger than the covariant, all-inclusive, bound of [15] 
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by the power of e <C 1. Using (3), we rewrite this as the 
bound on the UV cutoff A uv'- 

A uv<Q 1/3 (HMZ) 1/3 . (7) 

This is our main result. It tells us that the causal patch 
description of inflation by the effective field theory weakly 
coupled to gravity cannot be valid down to arbitrarily 
short distances. Instead, the holographic redundancies 
must cut off the entropy that can fit in the apparent 
horizon, including the portion in the IR which can get 
pushed out of equilibrium. Let us consider a simple ex¬ 
plicit example applying (7) to chaotic inflation [24]. A 
typical chaotic inflation potential is of the form X(f> n /n 
for an arbitrary (integer) power n. The slow roll param¬ 
eter e is related to the number of efolds before the end of 
inflation J\f by e = so we can rewrite (7) as 



Thus, with H < 10 14 GeU and A f ~ 100, we get 

A uv < 10 16 GeU, (9) 

so EFTwg receives modifications below the GUT scale. 
A longer inflation requires a lower cutoff. Note that (7)- 
(9) are approximations, valid as long as A uv H and 
1 > 6 > 0, and that they are a bound on the semiclassical 
regime of inflation. It would be interesting to see what 
is the relation between eternal inflation and the causal 
patch description [25]. 

Our conclusion is that the holographic principle lim¬ 
its the validity of the causal patch EFTwg description of 
the inflaton, implying modifications at a scale set by (7), 
below Alp . We do not necessarily view this as a concep¬ 
tual obstruction to inflation. We see our result as a hint 
that the inflaton need not be an elementary field, but 
emerges from the fundamental theory merely as an order 
parameter. At energy scales above the cutoff it would 
contain too much entropy, and so its EFTwg description 
cannot remain valid to such high energies. Alternatively, 
it cannot model an arbitrarily long period of inflation. 
An interesting consequence of our arguments is related 
to the recent field theory analyses of the signatures of 
high energy physics in the CMB. There scales similar to 
our cutoff arose as the upper bounds on scales of the 
new physics which might imprint subleading signatures 
on the CMB [20]. Because we expect the usual effective 
field theory to hold at scales H < 10 14 GeV < Auv ( so 
that we have an effective field theory model of inflation 
in the first place), the effects of the holographic redun¬ 
dancies could be similar to the signatures of new physics 
near the cutoff A uv- In the EFTwg regime the correc¬ 
tions to the leading order results appear as 0(H 2 /Ay V ) 
effects [20]. If the new physics is below the GUT scale 
the corrections could beat the cosmic variance, and may 
be an exciting prospect for the observational signatures 
of holography in the sky. 
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